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ABSTRACT
The highly expressed genes database (HEG-DB) is a
genomic database that includes the prediction of
which genes are highly expressed in prokaryotic
complete genomes under strong translational selec-
tion. The current version of the database contains
general features for almost 200 genomes under
translational selection, including the correspon-
dence analysis of the relative synonymous codon
usage for all genes, and the analysis of their highly
expressed genes. For each genome, the database
contains functional and positional information about
the predicted group of highly expressed genes. This
information can also be accessed using a search
engine. Among other statistical parameters, the
database also provides the Codon Adaptation
Index (CAI) for all of the genes using the codon
usage of the highly expressed genes as a reference
set. The ‘Pathway Tools Omics Viewer’ from the
BioCyc database enables the metabolic capabilities
of each genome to be explored, particularly those
related to the group of highly expressed genes. The
HEG-DB is freely available at http://genomes.urv.
cat/HEG-DB.
INTRODUCTION
Translational selection is the force that modulates the
codon usage bias of a group of highly expressed genes in
some genomes. This modulation consists in the adaptation
of the synonymous codon usage to the most abundant
tRNA species to increase traductional eﬃciency and
accuracy (1,2). Therefore when a genome is under
translational selection, genes with biased codon usage
are usually considered to be a group of genes with high
expression. However, not all the species are under
translational selection (3). The occurrence of codon
usage bias depends on factors such as the eﬀective size
of haploid population and reﬂects a balance between
several forces like translational selection, mutational and
positional bias and random genetic drift (2,4). One of the
currently accepted views is that genome-wide codon bias is
determined primarily by mutational processes and only
secondarily by translational selection (5). The Codon
Adaptation Index (CAI), developed by Sharp and Li (6) is
the index that is most commonly used, by itself (7,8) or in
combination with an iterative algorithm (9,10), to predict
highly expressed genes using the degree of bias in their
codon usage. Karlin and co-workers use the ‘expression
measure’ of a gene, E(g), to evaluate the expression of
genes through their codon usage bias (11–14). However,
this index has the problem that it is not always the gene
with the strongest codon usage bias that has the highest
predicted expression level (15). In any case, it must ﬁrst be
checked if a genome is under translational selection or not,
independently of the method used to predict a group of
highly expressed genes.
Here we present the highly expressed genes database
(HEG-DB), which includes the evaluation of genomes
under translational selection and the prediction of
highly expressed genes in these genomes. The HEG-DB
contains several statistical parameters of genes and
genomes and data for the functional and metabolic
analysis of the genomes under translational selection.
With the HEG-DB, users can make genomic and
functional analyses of highly expressed genes and assess
their general functions and how they relate to the lifestyle
and metabolism of the species. Deﬁning a group of highly
expressed genes is interesting not only for determining the
metabolic capabilities of the genomes under translational
selection but also for other reasons. Groups of highly
expressed genes can be used to reduce the false positives of
the predictions of acquired genes because they are
compositionally diﬀerent from the other genes in a
genome (16,17).
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The methods for determining whether a genome is under
translational selection and predicting highly expressed
genes are described in an article by Puigbo ` and co-workers
(10). Brieﬂy, to evaluate whether a genome is under
translational selection we made a correspondence analysis
of the Relative Synonymous Codon Usage for all the
genes in a genome. This analysis is traditionally used to
detect whether a genome is under translational selection
(18). Genomes are considered to be under translational
selection when the group of ribosomal protein genes
shows a codon usage bias and they form a cluster in the
correspondence analysis plot (10). The ribosomal proteins
were obtained by keyword searching using the annotation
information provided by the NCBI. To predict the group
of highly expressed genes in each genome, we use an
algorithm that uses the group of genes that codify for
ribosomal protein genes as a seed and, through a series of
iterations, deﬁne a group of putative highly expressed
genes (10). The number of iterations is not constant and
depends on the genome analyzed. However, in genomes
with a high or low G+C content, it is diﬃcult to predict
highly expressed genes because of the eﬀect of the extreme
(high or low) G+C content on the codon usage of genes.
The genome from Pseudomonas aeruginosa is an example
of this. Carbone and co-workers (9) used an iterative
algorithm to suggest that translational selection bias does
not dominate in this species. However, other researchers
have shown that in this species the variation in codon
usage among genes is associated with expression, although
this is not the major trend (19). To solve this situation and
predict the group of highly expressed genes in those
genomes, we have made a slight modiﬁcation to the
previously described method (10). A gene is included in
the list of biased genes for the following iteration only if its
ENc (Eﬀective Number of codons) is lower than its
expected ENc estimated from the synonymous G+C
content at the third codon position (20). Because highly
expressed genes usually use the minimal subset of codons
that are recognized by the most abundant tRNA species,
their ENc values are expected to be low (10). With this
modiﬁcation to our algorithm, genes whose CAI values
are high because of extreme G+C bias and not because
of high expression are removed from the list of biased
genes. To provide further support for our predictions, we
analyzed the metabolic functions of the putative highly
expressed genes and, as expected, ribosomal proteins and
other expected highly expressed genes were found in the
ﬁnal group of predicted highly expressed genes.
Gene expression is probably a continuous variable, and
deﬁning a group with the highest expression is relative and
depends on the limits used (15). Experimental microarray
experiments have shown that, even in species under
translational selection, genes without a biased codon
usage can be highly expressed (8,21). The relationship
between codon usage and gene expression is therefore only
partial and can only be observed in species under
translational selection. Because gene expression is closely
related to promoter sequences and translational machin-
ery, the highly expressed genes that are predicted through
codon usage analyses are expected to be genes that are
highly expressed in several situations (e.g. diﬀerent media
or growth phases). In these situations, translational
selection is strong enough to modulate the codon usage
of highly expressed genes.
IMPLEMENTATION AND ORGANIZATION OF
THE DATABASE
The information about genes and genomes is stored in a
MySQL database that can be accessed through a series of
PHP web pages. The current version of the database
contains information about almost 200 genomes under
translational selection. The HTML interface is divided
into four sections (Figure 1): (i) The ﬁrst section contains
information about the genomes under translational
selection, including links to some statistical parameters
for these genomes, such as mean and standard deviations
of total and positional G+C content, codon usage per
thousand, relative synonymous codon usage and amino
acid content. This section also includes the correspon-
dence analysis plots of the relative synonymous codon
usage for all the genes of the genomes used to predict
translational selection. (ii) The second section contains the
list of the predicted highly expressed genes for all of the
genomes under translational selection with their func-
tional and positional information. (iii) Since the deﬁnition
of highly expressed genes is relative and depends on the
limits, for each gene in the genomes under translational
selection, we have included its CAI value. This informa-
tion can also be accessed via a search engine that searches
for gene names or keywords for a speciﬁc organism and
taxa. (iv) To see the metabolic capabilities of genomes
under translational selection, the fourth section enables all
the genes in a genome to be represented according to
their CAI value on a metabolic map, using the Pathway
Tools Omics Viewer from BioCyc (22,23). The group of
predicted highly expressed genes can be located separately
on the metabolic pathway map of each genome. This last
section makes a detailed functional analysis of the group
of highly expressed genes and the preferred metabolic
pathways in each genome under translational selection.
DATABASE ACCESS
HEG-DB is freely accessible at http://genomes.urv.cat/
HEG-DB. The database will be regularly updated with
more genomes and new features.
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